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ABSTRACT

Experimlents wvere conducted onl current -irror :\( SF ETs to ('xaIIiI( t heir

sitalbility foi- use in radiationi environjients. ales deNNs whic Slowlw

loadl current sensing (deffined by a current-ratio ii'), are an Imp'ort ant eleni(It of

many power integrated circuits ( PIC's). Tot al-(lose tes,,tling demionst rated that tile

current ratio was virtually unaffected for many operating coiidlt ins. Ili all cases.

chanlges weelargest when sense resistance was largest aii(l iimiial whenl sense

)olt age was app)roxim~at ely e(liai to tile load source's volt agc In ll(dit ioni test iii

veiid tilie feasibilityv of using sense-cell MOSFETs. fo)r app li cat ions which r(jlnni

radiat ion exposure. A constant-currenit 01)-a ln circuit sho( wedl uinulllal c te

shift's. using proper circuit designi. following tot al-dose cxp( ) ilre. Dose(-rate test ii i0

showed tilie feasibility- of uigseuise volt age to t rigg~er I)r,(tec(ti i n lrough drainl-

source volt age clamping. pro( vidlinug a relatively linexpmiivt a Iterila ti ye to t ia

(leratIing.



CHAPTER 1: INTRODUCTION

SECTION 1.1: MOTIVATION

The effects of radijation1 environmienits oil power MIOSFE'f d'vict-> i> at wc

establishied area of research [1.2.3.41. This is, especially true for applicat on>-a

spa('e-based systemls such as satellites. The objective of suc(h research is'is i

to exainle how device st ructmvr. processing, and use inay be chianged 1t(N

lhe usefull life of thlese device., in radiation eiivironillelt 5. Hwever, m5(- (f T!"

iinw power integrated circuits ( PICs ) show sigiiificaiit potenltfial f )r appli cati'I in

suich enlvrioiillent s sinlce t hey iltegrate b'oth p~over aii( Con-triol elellilt> ill ;I ''1liii

(levicc . (l-iiig ideoica (w) i4 v~ 1)eryd i )ril alice uiiig, lces> WN(-iPriht. vt w i. i

power. Therefore, it is, (lesirilblc to ('xaiil the effect>, of radiation ohi tilt, cpJ:

ati n () f thlese ilwdevices. Such aii e~aini 18t ionl rcqiiires ](o()kill,, at cliIl(, 21'

I othI thle device level, a's i>, usually thle case, and thle circu it level. Be u' - P1I( -

inliulde conitrol elemnents. thlcri exist> a Im ssihilit v that Ki s( )Iii cast's th" l cwa t(i-

elexiiint inay b)e utilized to inaizitaili usefull ('irciut Opuerat ion unider thle ci i.i

conii~it i(ons cauisedl by\ a radiiat ion enivirt )iliieit .suich as, comipenisat ion( for t It;al-ti

effects or proitectioni agains t (ose-rate up) ct . Thlis lwconn's. in es('c.U at Ccu:

level approacli to ridiat io ii r(iin, Natiurally. t he key toI sui'h ali appr ti cll

that the performance of thle conitrol elemnent s remains stale undoer any cMango> in

(hlced by radliationi. Addlitionially. it is iportanlt to (letcrinile whet her thewl ~iiLn:

conitrol fuinctionls of PICs are inpaired by ('XjnIun' frw those came" Mome( tWe fnp

tioils are riot used for dlirect radiathi h lardeninlg. This would hlelp (leter~liine if 1.,

advanltages of PIC's canl be used inl suchl enlvirm)Iiliielt s.

For t his st udy. the subject was a device implortanit to miany PIC's whlich is,

known lby at number of different nines: SciscFE* . HexSenise-* *. C'iirrent -\hirrn,

FET' (CIFET ) or sense-cel MOSFET. The particular device studied ,vav tilt

NWo roan NIT PI0N25NI SeiseFET * gowr t raiisis-tor. buit thle resuIlts loldai

equally wvell to all suich devices'. 1 f'xamnlill(' thlis partic'ular (leyic(. onie lilulsi 11;1%,

basic understanding of DUM Am S ein", basic radi at i(Il effects iii N! () S devic t il

*SenseFETL is a registce ( t raleiniak ( If Mo torola . Inc(.

** lex9(cmise is, a rec~istci' tiadmim;lr d of 'natiolla Pect if,. Inc.



a.11 experimfenital p~lanl or pr ceduii re.

SECTION 1.2: DM05 DEVICES

DouleA-diffulsed Metal-WOide- S( 'Iiicoml(lt or D I) OS ) Field Effect Tra,,-i

tor devices are tile mlost Commol(n f )rin of NIOS power devices since tAhir at tril1)11?

are especcially well sui ed fol poe "a' plicat n uis. as w.ill b~ecomiie app a ret li Aij

sent at ixe structunre of two celL ofia vertical D NI( S device is shotwni ill Fi _'11,in

The njame giveni DM( )S devwice' i-, derivedl froiii the use of two dhi-j "q-

to create tile ilV al(h 1) regionis showni ill the i,_llrc. The prmuiipal dIifficulty f t K.

DNI()S l)Io(" s is il , A t ai i ii I 14; (*) W i i jt -it I't hle I i( l -,()t a from (It vjict t lv)(1 :'';,

Thlis, i>, a conise'quence of the fact tha, IT inlstea'd o f atC cost ant (1,p)1 ilee 1 lil V(" K

gate. t here e Xist s at dop inlgo 1 )1( tilt whjichI is (Itleteriiiiiil dI )y tlII t wo ohihisi usIt;

T'hi>, results inl a profile such a>, thait Io i i Figure 2. This fiiirt'ln t-how> !.t

threshold voltagte will dlepenid o)It the peak doping value. N\ Tli- value %v i>

be conitrolledl lw the, details of the ditbisioi steps. hilt the greatest xai'iatiun, (111

fromn differences in thet predtposit ionl step of the p-diffulsionl. If ionl imlplantiaui u1

used ill t his predeposit ionl step. reCas( urn1 y g ood cottro)l of tile t hreslioldl vo At a itt

Noiietheles',. DNIOS ojevices are not w-itlyioit Ah(ir adhvanitages. (w 4ii ofAl

advantages is that thle chiannel lenigth is 1 (lt erninod byv tihle d ifferenice inl hat rail

diffusion distances rat hetr thla th ltliiuunil dimuenusion axvailale from tpll ht o it ha i

raphv. Since there has tradi tionially 1wi bteu it ter conutrol of diflus~( di (dist anice, thI ia

thle dimensions of phuotlit litgraphic oloiings. this struct ure allows sho( rter ci ailiial

lengths thani in the typte of strtictunr used for. iliost NIOS devices. Ill addition t(

this. tile device density that i.- po ossil Ac using at vertical DMNOS striiucture c-ali resu a

in very large equivalent aspect rathis ( channel Nvidthl/channel leilgt h -whiicli allb

large currenuts to b e controlled Iy ita device Which is smtall inl suirface ar -a. It is hli

attribute wvhich makes the DM05 strit oe at useful onet( for power decvice>.
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A nothei(r impi1 ortanit featunre of DNI( S powver devices 1,, t hat . on at gi venl I it

eliaract erist 1c5s are very closely miat cli(( fron cell to cell. This ileatils thlit foit rilt

siilI glt e-t 0-source aiu1 draiti- to- sourcet vot tages. thli current flowling inl each

willb very nearly the same. As will1 be shown. this attribute is e sential to, tilt

(Teat ioni of devices like the C'NIFET.

SECTION 1.3: THE CMFET

Iii a oi~it covetonll D S poIower(' trIanist or. all thle souirce con)Itaci(ts art. t it'

inlaale to a single source pll.i Ill sichi a dev ice. the close mlat chlii of thli cI!-

mleanls t hat thle total currenlit is aj rt xiinlat ely the current -)f at sinlde cell ui i i 11,1it,

Ity tlia iiiiw WI( f t'( 'Us. H wt've' 1>1 it dith 'rent mlet ahzat ionl pat t erii . it is j .1 "

tosplit off tile sourct ('0!ilii(ct n ut, )f at 51ul)sc t of cells. The ratio of t lic ciirr 'iltl '11;

lie (litleretit sI alrce, branlche> will t l' be equal~l to t lit' ratiot of t lie niile ut r f

shi(wl ill Figure 3. heethci rit io of ceIll, is oi. This st ruct 'tre is, exact ly thatin t t lt

EM-NFET. Ili the C'MFET. at few of' the( ('('ls are tied tog('thl to at secparaitt'S Tt

pitt which is lablled by N1 fo iiiro If both the mlaini loal anld irror >411>

bc 11i titc ' suialler t bait that Ili thIeb 1 1 rili bec'(autse' o f thlit prev iusly' ili it itc

mnat chiiig 1et weeui thle DNIS ('('11 7 i.S.9.108]

N( ,riiiallyv. hi wvever. it is preferal l(' to use volt ages rathleu' t han ciirr'i its a-

indicators, of circuit conidit ions,. To obt aini a volt age. a resistor cali be linsertc'

1et wet' il th li'scisi g s turct con' cti on(' ~ i anud~ groi( 11. I'eslltiig Ii thlit cirt'iit of Fi

'tre 4. Nat urally. thle volt age crea ted( by t his resistor will1 alter thle ratio of t'urr(ivit,

boet l X\thtle t 'A'( brauiclies sitict' it alt ('' thlit d'ai ui-st urce andh gate-soil ce volt it-c

ill the st'!ist' branich. Noiittitless'-. tl- I, is ot a great problem betcautse' thiteai

clint i iii apredcttablt' fash u ii. ThI, is w ratio cali be calcultihted easily using tilt

simiplt sqtiart'-law t'qiintioi'- fou tilt liiit';tI eiotf operationl [9}. Frtom t his til uhtl.

tho.diail (11ri ilt ivc~ h1
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where K is the channel conductivity of the device of the device and the voltages arc

defined in Figure 4. For the sense current, the important voltages are found from

Figure 4 to be

VDS2 = VDSi - \'Sense and (2)

VG"2 = VII - \'Sens,. (3)

Therefore, the se.nse and load currents are given by

ISe,e = 2Ks[(VGl - ,TTS - Vsense)(\'DS - Vense)- -(\'DSI - Vsense)2] (4)

and

IL = 2IKL[(VCGI - V'L)'DSI -- VDSi"]. (5

The relation between Ks and KI is easily found to be

INi/IKs =n, ( 6

where ?i is the cell ratio. The new cell ratio, ', is found to be

I/I 2L[(VC; - 'TL)'DSI - "\DSi"]
21\s [(GI - VS - "S,,ense )(VDsI - N'Sense) - (VDs - Vsens .)]

n2

(7)

if the threshold voltages are assumed to be equal in both sections of the devices, as

is approximately true. All the terms in this new expression, except the threshold

voltages, are determined by the user of the device. A choice of Vs,", corresponding

to a particular load current fixes the sense resistor value according to the relation

sense N'Snsell' (_C
ILoad

As might be expected. the choice of sense resistor and voltag, values has a,

lefiniite impact oin the accuracy of tlie sel5'- current. IIn othe'r words. th,, rli i

will not be constant for all conditions once the sense resist or value becoies fixe'd.

Furtherniore. the a iount (f Pariati( i r irectly (lependelt oil the sense resist (,



value. The two mocst impilort ant aspects of accuracy are those dealing with lineatritNv

and temperature coefficient of W,' although it wvill be shownvi t hat the sense resistor

value also has an imnpact onl performanice inradiation environments'.

The quality of linearity in the sense current iieaiii, that it should vary linearly

with the load current. For example. if 718( =1 VN for IL = 10 A. then I -S, =.

for Ij, =1 A. 'Unfortunately, the relation can never b~e exactly linear: that is. W ' i'

never exactly constant for (different conditions oInce Rsel, is fixed. The reasonl truc

linearity call never be achieved is that such a condition would require a device which

varies linearly with gate voltage. and~ it is wvell known that NMOSFETs approxiitely

obey a square-law with respect to gate voltages, not a linear relation. It becoiiict,

clear that to achieve the greatest possible linearity, the gate-source aunl drainl-sourc

voltag-es must be as,- closely matcheitas possible in the senlse, ail loadl s(.ctioiis of t li

CMFET. This requires the uise of as" siiiahl at value as possible for the Sense;( resistor.

This re(Iuiremecilt is easily showni hy observilip that, in the limit Of R (-0.

true linearity is achieved if the cells, are t ruly mnat died. It canl he showni thlat . f r

small values ( approximately 1()'/ of the sciise sect 1(1)1 onl-resist atice ) of R.5 ,,~. ti ruc

lineari'ty I i pproxililatedl very closely S1]

Changes iii Wt due to chianiges ini t empierature are best exp~lained us,;ing thle

equivalent on -resist ailce mlodel of thle CNIFET circuit shown in Figure 5. In t his cir'-

Cult- . rdy(oyi) = senise Cell onl-resist auic = clds(on . where 1'ds( o ) is t he load sc o

oui-resistanice. It is wecll-knowni thait t h onuiresl-talice, of a NIOSFTET cliaiioes withI

temperature. and for this device, both on-resistanlces will change by the samne factor
ifth cells are wel-mnatchod. It is readily applarenit from Figure 5 that if R4

does not change by the samne factor as the on -resistances. the ratio of currents lin

the two bra nches must change. It is easily shown that this effect is iiminized for

small values of RS , ,, [8.9.11]. Figure C shows, thle relationship lbetw'eei the val o~f

Rs( ,( anld accuracy of the current rtilo Wt under a thiernal excursion.

O f course. there is a li1iii to how smiall R ,, 1, canl be all( we I to I ecoli i

This liiiit Is clue to two priialry c( IISIdera t i is. circuit iao' 1s(1 and s fuil seist' vt )lt1

alge levels. III conlsidera t ioll of 105.thle uIser must recognlize that very siuiall1 valuit''
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for 1,. ,.as may be seriously affected by noise. Tile CNIFET does allow some accom-

modation for the reduction of noise in the sense voltage. Noise may be reduced Ib

the use of what is called the "'Kelvin" pin. This pin allows the bypassing of parasitic

resistances and inductances from the package and the avoidance of ground loops [7>.

This is accomplished by a direct connection to the load section source bonding pad.

shown schematically in Figure 7. Therefore, for the greatest sense voltage accuracy.

the sense resistor should be connected between the sense source pin and the Kelvin

pin, as shown, rather than between the sense source pin and ground. At this point.

it becomes convenient to introduce a new symbol for the CNIFET that is ea.ier to

use. Figure 8 shows this new syibol, where the connection labeled by I is th"

sense-section source pin

The other consideration when dealing with small resistor values is whether

or not a given resistor value will result in useful levels for tile sense voltage. If th

levels are not high enough, it becomes necessary to amplify the sense voltage. This

introduces unwanted complexity into the circuit and a new source for errors in ti,.

output sense voltage. Noise and v( 1t age level consideration.s will usually restrict th,

value of tie sense resistor t( betweemi 10O/ and 1()0 (/ of 1-d... [,11l.

This elegant method for developiing a sense voltage proportional to the load

current using the CMFET differs greatly from the more conventional method. Tra-

ditionally. such a voltage is achieved by placing a resistor directly iII series with

the load current, altering the operating conditions. The level of currents flowi,'g

through a resistor placed in such a position can be quite high. requiring the use, of

expensive wire-wound resistors [9.10.11]. In addition, such a resistor will dissi1 'at('

significant amounts of power, on the order of watts. By contrast, using the C'M-

FET allows the use of inexpensive resistors and results in power dissipation on the

order of rnilliwatts for the sane situation [7] without affecting the load current ;t

all. These factors, combined with the low cost of CNIFETs [7]. allow the user to

perform the same function as he(f r(, at lower c(ost and with power dissipation frni

the sensing function that is thirec( )rd 'r- of nimgnitude lower. Provi(led that lthB

User is able to achi ,v suifficient accla'rcy from a ('NIFET circufit. tlhis repr',-,'Ntm ;I
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significant advantage resulting fromii the use of the CNIFET rather than the scrie>

power resistor method.

SECTION 1.4: BASIC RADIATION EFFECTS ON MOS DEVICES

\Vhen a semiconductor device is exposed to a radiation environent. its

electrical properties and/or its operating condition are generally altered. Such al-

teration includes possibilities of degradation, upset. or failure. However. the natun

and magnitude of the alteration depend on the specifics of both the eiivironient

and the device or circuit. Therefore. it is necessary to specify the type of radiationi

to be considered as well as the operating conditions of the circuit.

Radiation effects relevant to MOS devices may be placed in four broad (t-

egories: total dose effects, dose-rate eflects, single event upset. and neutron effects.

The first three are caused by iomizing radiation and the last by neutron exposure.

Ionizing radliation includes both hltotis and charged particles. These nmy 1

grouped together since the net result of ilteract ions of photonls and cliargc~l ia-

tichs is. qualitatively. basically the saimic. Through such interaction neclia ni.-nI>

as the photoelectric effect. Conliptoti scattering, pair production. and Ruth erfordt

scattering, both photons and charged 1)irticles produce electron-hole pairs in quan-

titles which depend on the energy of the incident radiation and the target nimtcrial

[12.13]. Generally. the only phot ons of sufficient energy and penetration to

bulk ionization are photons in the x-ray and ganuna-ray ranges. A secondary effect

of ionizing radiation exposure of semiconductor materials is the displacement of

atoms from their lattice p)ositi(i>,ns. NorNally. however, the donminanit effect i. that

of ionization [14].

Ionizing radiation exposurC is usually measured by the unit radiation

absorbed dose or rad. A rad is equal to 100 ergs of energy deposited per grain

of material. Because this varies f:,,,i mat1erial to material. the particular tha tcrial

under consideration ii't be specifi,'d. Another measurement of ionizing radiatiOll

is th,, atc at which th ,lienergy is tramsferred. The ionizing dose rate (,) is norn tall v

expressed in rad/.-.



23

The second general type of radiat ion, neutrons, has a very differenit effect

than that of photons aiic charged particles. Because neutrons have no el('ctrit'

charge, they normially interact only with the atomic nuclei. Although these Iiter-

actions include nuclear reactions, the domninant effect is the displaceilent of atoilis

from their lattice positions which produces (defects in the lattice [15]. A second~ary

effect of neutron exposure is ionization dute to the motion of dlisplacedl atomns. Oiicc

again. however, this secondary' effect is st ronlglv dominated by the primary efft'ct of

atomic displacement [15].

Neutron radiation Is comminuly iiasired in flux, particles pe r Uii ;t area

second, or fluenice. total p)artijcle"slavmi pasdth lroughi per urnit area. H t w'vt I.

since neutron interact ioiis are' st rt imil d1 peiiden t onl neut roineg i( 1 G. 17. i

corniuttll to ( Xpress nieuitronl flucllice 'IIIt t'Iriis tif at 1 M~e\ equiva lilt filub ilc( . TJ I ii

is, fluence is expressedl as tie fluemitt of 1 MeV nieutroils wvhich wot ilt I priu hice I h

samne effect.

It shoild( be apparmit froiii the, thsctissiloii alove that Inllmost cases iolii11i

radiat ion canl be conisidlert' to cit 't'iiiv t i 'ct i( tl- hole pairs t hitollhi1)11ta.

andl meutroions max' he conl'isit I 'rtot t (.;i~ onily (lisplacelleiclt tdailiai-. IA ilft i- 11

nlatel'. nieither of these givI's iiiV liiicaal 1)(')IIt''~i the tf't() f rwi(Iiati(tlI!U

the electrical I)IopCI'tlc i o (f stiliiit' it i('t ( t 'evices.

Total (lose radllitomi ctt' aiv t liost'; caiusedi lv loii-tt'ril tymIosut'I'. m' 1'in

iZilli' raidiat ion delivert d at at Imv cW( ~- i hs ffects, lt' Implort ant ill MO ()S

devices becausec of the J)Iesencc ( of thlit siliconi daixide gate d'(ielectric . This ( xi'It

tyically c tnitam s llirgct dt'iisjljes (f c('him _c tr,;ip~tiig ceniters. Onc carll('I llt L t'Im

eratedl thirouglh lolliza t itti. they t ciii to 1 ttctui iw trap)p ed ill thlit oxidc '. if t hey av(II

Init ial reconiliiat ion. The aillwtilit oif Iiiaill rtt'oliiliatiloll taking plait' is, ItcIlict'i

as th li' lectic field Is limcrt'aetl . as, w~l i a ga ct 1 tis is appliedI. This ret Inl a it ill

recominmationi is a resullt tif thu'. t'nh11iaiieiieiit of the' separat(in of chiligt's icc t1l1

electriic fieldl followxing" their gevlera lti 1 TS]

Thus. iii thit Itrest'nct' of itiii/ilii4 rathi;1t itII. tcharge act'uiiiuilatc'. ill t lit'cm

Oxide of NI( S tdevicts. The situti( i-n is- fuirthier comiplicated btyailii-mtli'
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these st at es is dispersive ill t 111W ,ianl callconiue long after radiation exposure has

ended [14.19]. Since, in operating ni-chiannel devices. these traps manifest a negatiV('

charge. they cont ribunte at positive threshold volt age shift whose mnagni tude depend(s

onl the silicon surface potential, because the potential will determine the occupancy

of the interface states [20]. The net charge in the oxide is usually positive b~ecauise

the rmlich higher ilobilit v of elect ronis in the oxide allows them to be F--wept oult of

tLe oxide. At the samec tie lutea positive gate lias (as is normnal for ni-channecl device>'

such ats the CNMFET ) will cause holes, to mnove towards the Si S10 2 interface [21'

where they miay Le capt ured ini lonig- ternii tr1appinig sites for periods whilch canl li~t

frot hounir to I (ars [22] . Thi , proccss Is dlepict ed inl Figure 9.

It is' k iiowuthatt such cuiaIgt' ,I thle Initerfa ce are un1desirable because- t hey

relprescllt ai sp act -chia rgtc 1i'r a which shift>, thle flat band volt age ( t herefore. thli

threshla d vI At ag" a> Nw 11 20' The t lieslio Ad shift f )ll( wiig radliat ion exp (sure- i>

generally t iilit, dependent. A typic Il t i tue j)rt)gre"Sl( (ii o f thlreshloh shift is 511Iwl ill

FTHire 10J. Bcinise iiiteric' state> ii1;1N colitlillie t) Itt creat((I a-id holes trap)1 )d in

the oxide mlay reonii hritth iliIlc'li'. it is possible for the threshold voltage

to shift posit ivelv wvithl rcs] (('t to t hit iitial valuec followinig all original ieg a t iV

shift. This phiemaIienon is k no)wn as sillpo rrecc wery or reb~ound [23.24]. Enough o)f

a shilft ill Hte tire~hiold voltatve Ii either (lirectil usually results iii circuit f dllure.

It 11(i111i l l() I l th"It whnlle r(sil vIltait' shifts are not the onlly olsiseved

ttal (lose effect . it Is gel'ierallv t it(' outc ( f ii l;1jI r fo ic rlif M OS devices, fori 1110 1st

app lica t alls. The secI )idary tI t al -dl se effeCct which (,;il be Inmp ort ant Is ali ilicreaistI

in 1)1-resist atice. a mnanifest at ion of ia A i lit v (legradat ion. cauisedl by the interficc

traps acting( as seat t erim I i ('(litc('$.

The radiat(ion Ofitt- oIf hii.Oi do- w-rate radiation expo(sure-( and siiigle evclnt

upset at'( very differt'ilt fi 'iii t( tal It' 4ff'ct s due to th li lagunt ude of the rtl

a t ii nducd1t'(I oiilzatio)ii. D >' r;' iK- effects art' caused byV bul1k jonizat it I fit tii

exiposit( t o a la rge 0111 / I I g I ;14~ 1 11I() puIke ( it'.. utI 1l ( lec troii I01 o pliloto()I > S i

gle ('\'ilt upset ( 5Et' efitct s airt causecd 1y v loalized ionlizat ion fronii t lie pa ;IQ

of at sinigle'. elierget ic heavy i( JIl Ill eit her Case. NhIleii this Ionizat ion occurs In t hit

rtrlI f a1;11 ;ic.'ljltl ~lt iiI 't Ii uly rtv' l tast'd jiuuict iou ). Vtl
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large currents result. The(se ('lrrciit s (ill th li 'Case) are n1orlly11 referred to ai

iniducedl photocurretit s. Such Iplot( currlt, c (all cause t ransienit lIpsct of circuilt>

leading to such problems as latch-up (23] anld damage to or failure of metal imter-

connects. Even if rione of these occur, it is still possible to create errors inl logic and(

memory devices which use stored charge to represent (data [26],. These effects iiiav

be due to bulk ionization by or may be froiii localized ioiizat ion by thli pa sag

of a single energetic hieavy lonl. Dose-rate upset canl be a major p~robleml for DNIOS

powver (devices andl canl make I)oxWCF supp)]lies which use t hein the wecakest p~art of at

sv~st cii in at (lose-rate eilviIonlint [2-11

All nieut ron effects are( at result of (lisJplacelilelt (lainage. Displaceniii (Ltini

a ge inl seflicondluctor dlevices aff'ct s their p)erfo rmlanice and cia ract erit ics ill It illitl-

ner very (liff erent from th loi iinil radliat ion) cflett (Iisciis.sew abov( . Th(lidSril '(all

of thle periodicitv of thle lat tice by thle radiatilonl- induced defect, crecates 1 )cli/cl

enlergy states wit hin tl li had oiap. Such s;t at (' are known to eniiaice ocenerit a

reconil)llia t ion. tuiiling~11,,. traingll',. amId c )iliI wiisat ion. Iillitai t li( defect

whiicli create~l the'se states,- act as scait terimig cent ers which reduce hulk cIlrl()-i

hihltv. However. suich miohilit deg)rada t loll beotics sigificant onlly at hligh fliiemicc.
Nvrheless. b~ecause DNIOS devices dono dceehd i miniority carriers.th mip

effect of dlisp~lacement damage is usually hulk mobility degradation. as seen through-I

increases ill on-resist aice [

Siiict dlefect~s annieal to sotiile t emit. njeut roni damage eff'ct s, are also t iiiie-

dependetci t However. aiiiciea I inrter, at rom )il t emiiierat ure are very small for t iliis

greater thiai 100 seconlds [2S]. Unless very long titne periodls are being corisidlredl.

damiage after t his Imni tial peri( )( may 1 e considered to be app~roximfatecly c()ist alit.

Uilfortiluna tely. this (does il )t simip1 lify r mt em's nmicli since thle aim)nt of longi- tcein

danliage calise'l by licut rolls Is (lpeldaeili ()I i naiiv varilahles. These variab~les, inch i(

neutroti cterp'. target mat erial type. recsist ivi ty ( doping level ). itiject ion levecl, a ia

tetmperatuire [14]. As at result. all these varilles mullst he specified if there is, to hr

anly hope~ of accurately predict imug th, uiigiid, of dis"placemencit (laIliape.
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In the case of DMOS devices. then. it is possible to reduce expected radiatiOn

effects into four primary effects. Total ionizing dose exposure cauvses threshold volt-

ages to shift and the channel mobility to degrade. j* can cause transient upsets aIld

damage including burnout, energetic heavy ions can cause more localized transient

upsets known as SEUs or single event burnout (SEB). and neutron exposure ca'i

cause increases in on-resistamice at high flumelice levels.
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CHAPTER 2: FIRST-ORDER ANALYSIS AND PREDICTION OF

RADIATION RESPONSE OF CMFETs

SECTION 2.1: GENERAL RESPONSE OF CMFETs TO

RADIATION EXPOSURE

As was previously mentioned, the sense voltage created by using a CMFET

is potentially useful in circuit control. An example of such an application will serve

to demonstrate the potential for using (evices like the CMFET in radiation env:r'()

ments. Figure 11 shows anl example of using a CMFET in feedback control throuph

a pulse width modulator (PWM). where the CMFET itself is inside the (lot ted liu(,s.

The PW\M in this case is simply a gate biasing device which is controlled by tli

voltage comparator. In such a circuit, the PWM gate drive is di-a~bled whenever

the sense voltage becomes equal to or greater thani the reference voltage. This wviii

maintain an almost constant load current piovided that the current rati() n' ,/I.,

remains constant with time anld changing conditions. If the user is free to cllo()sc

the value of the refere"&e voltage, it may be chosen to minimize the necessary sense

voltage and qni1se resistor value so as to maximize the accuracy of the current rati().

Hovr" :_er, if the reference voltage is fixed by other circuit consilderation -. thec ui

is restricted to using the sense resistor value which corresponds to equal sense and

reference voltages for the desired load current.

The potential advantage that might be derived from such an application of

the CMFET is a direct consequence of the feedback control aspect of the circuit.

If the effects of radiation on other parts of the circuit are ignored or assumed to

be made up of device types which are not affected by the type of radiation being

considered, it is apparent that if n' does not change significantly under changing

conditions induced by radiation, then the feedback control may prolong the circuit

life far beyond what it would be without the control. For example. a ('MFET

circuit which maintains a reasonably constant n' could theoretically keep the load

current constant for as long as the threshold voltage remains positive. Failure f r

ail uncontrolled device can be defined a a threshold voltage shift of 0.5 V (typical

for most IOSFETs but sniall for power NIOSFETs, as will be shown). _'sill"

this definitioll and assuming an original threshold voltae of 3.5 V (an actlI
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measured value), this feedback control concept allows a tolerable shift which i.-

seven times greater than that without the feedback circuit. Naturally, any such

feedback circuit would accomplish as much, but it is the CMFET which makes this

approach practical.

This potential increase in circuit lifetime hinges principally on maintaining a

certain level of accuracy in ' while phenomena such as shifting threshold voltages

and increasing on-resistance take place. Therefore. it is desirable to make som

first-order calculations to see if this is a reasonable expectation.

A reasonable starting point is consideration of total ioniziw: dose effect:

that is. the effects of threshold voltage shifts on W'. In terms of circuit operation. a

negatively shifting threshold voltage means that the PWN would drive the C'IFET

gate for shorter periods of time. Provided that the cycling tie through tle feedback

loop is fast enough and ' does not change alppreciably, the circuit should maiiitai

its near-constant load current. Although using a P\VNI as a gate driver act uallv

represents a transient switching condition, calculation of d.c. current ratios still

should give an indication of the effectiveness of the circuit under radiation-induced

changes.

To examine this situation. the basic square-law model must be re-exanined.

Because only a first-order result is sought, some simplifying assumptions will be

made. First. it is assumed that the CMFET always remains in the linear regioin of

operation. It will also be assumed that the radiation-induced changes in threshold

voltages will be slow and will be approximately constant over short periods of time.

Neither of these arc unreasonable assuml)tions and ictually do apply in a mmlber

of interesting situations. In particular. the assumption of slow changes in thresh-

old voltages corresp)onds to a spiace eliviroiinent. In addition, the gate and drai n

'oltages will be treate(l as const ant values and onrly the threshold volt ages will I,.

allowed to vary. all of which is realistic for thc PWM example circuit. Having iiiade

these a.ssuimnl t ioll". it is possibh' to, carry out a simple analysis.
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By simply inserting a new term for the threshold voltage shift, AIVTL the

new d.c. load current is given by

1
IL = 2 KL[(\'GI - VTL - -. \TL )(VDS I)- N'DS ]2 . (9)

Similarly, the new d.c. sense current is given by

Is = 2I'Ks[(VcI - \TS - -\'TS - VScnse)(VDs1 - V'Sense) - S(\DS - \Sns, !.

(10

However. V,, will also change whon [s changes since

where R~ensc has a value that is fixed by (7) and (8) for 1 7 equal to the initial

threshold voltage. Thus,

Is = 2Ks[(VG1 - VTS - AV-rs - IsRSI:e )(N'DsI - IsR1,,Rs)
1 9(12)

- ) s - IsRs,,,,)].

Solutions to this equation are best found iteratively. By solving these current equa-

tions for particular threshold shifts, the resulting current ratio is found easily from

l' =IL/IS for the combination of 1"TL and Vs of interest. The possibility of

asvnnietric shifting in the threshold voltages is allowed because of the different

gate biasing levels seen by the load and sense gates. (Although any asymmetry

would be expected to take the form of a more rapidly shifting load threshold. the

opposite case is also included for completeness.) As will be shown, such asymme-

try is to be avoided. Avoiding asymmetry means that Vs(,,, should be made as

small as possible. Because this is desirable for other reasons as well. this conditiOn

presents no great obstacle.

These results are only iii,;ningful when compared to some kind of coiiti(

condition. A common specification for failure due to threshold voltage shifts iII

non-power applications is a shift of 0.5 V. Witliout the feedback loop, a negative,
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shift of this magnitude corresponds to an increase in I,. of S.6( . Therefore. oily

shifts in ' greater than 8.67/( will be considered to be circuit failures*.

Looking at Table 1 shows that for AI"/L = AITS. failure occurs for a thresh-

old shift of approximately 1.75 V. (Parameters used in this example calculation are

given in Table 1.) This is almost a four-fold increase in tolerable shift for the circuit

as a whole. Table 1 also shows that. if Vp1"L shifts faster thaii V-p. failure is reached

much more quickly. so this situation must be avoided whene(-ver possible.

The effect of using a smaller s'mse resistor value is shown in Table 2. Her'

70 ). corresponding to a I , 0.63 V for Ij. = 10 A. The shift in ' for

A,TI AT's is appreciably :nialier in this case. The results in Table 2 would scm

to imply that circuit failure would not occur Iuntil I'-/ beco l mis zero. Additiomally.

the smaller resistor value implies a smaller chance of asymmetric threshold shifting.

Such a situation is promising particularly in the case of a higher initial thresh-

o0l voltage. If the initial value is 3.5 V ( an actual measured value for this device

and if a small enough resistor value can be used to keep n' from shifting more thim

S.6(/. then it may tbe possible to increase the useful circuit life by seven tines ove1

the life of a circuit without the feedback loop made practical by) the CMFET. Such

favorable indications provide the impetus to examine this situation iore closely. It
is possible that not only may this particular circuit have increased radiation hard-

ness at relatively little expense. but that the concept itself could be applied to imaiiv

other situa tions.

While the analysis above appears to vield promisiig results. the operating-

coniditions which were ('(seii represent so( )thimelxi of an extieie with respect to

the typical operating conditions for power devices. In most applications. such as.

switch-mode power supplies, the low,,r dcvic, is switched at a high frequency aiid

the o'(,it" state is tylically well within the linewar region ( V -;.s - I j" < IVD,'). This.

means that as. long as the threshold voltage allows the device to be turned coil letely

F r t iis analysis. val u's such a IC . '.and V ., were taken fr(on or

calculated froi early-release dat a shect inf(,rmation for the .NITP10N2,2 C\ IFET

They iiay not necessarily r'present nc;isurIn valli(
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Table 1: Percent current ratio shift for various
threshold voltage shifts. Parameters as shown.

AVTS(V)

0 -0.5 -1.0 -1.5 -2.0

0 0 -5.8 -10 -15 -19

-0.5 8.6 2.4 -2.9 -7.5 -12

-1.0 17 10 4.7 -0.2 -4.5:> i
< 4

-1.5 26 19 13 7.2 2.6

-2.0 34 27 20 15 9.6

Vsense =1 V @ IL 10 A Rsense 131.8 ohms

VGS1=IO V VDS1= 3 .4 V VTS=VTL= 2 ,5 V

KL=253.55E-3 A/V 2 KS=298.29E-6 A/V 2
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Table 2: Current ratio shift for a smaller sense

resistor value.

AVT (V) n) A/0n

0 1105 -

-0.5 1122 1.54

- 1 1139 3. 0 8

-1.5 1156 4.62

-2 1173 6.15

-2.25 1 1181 6.88
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on and off. the magnitude of the threshold voltage does not affect device operation

significantly. In other words. the threshold voltage may shift negatively until it i"

equal to the low gate-to-source bias level or positively until 1's - V7, and Vjs are

of the same order of magnitude at the high gate-to-source bias level without having

much effect on the performance of the device in the circuit.

Such a situation may seem good at first glance, but it should be noted that

the rate of threshold voltage shift is a strong function of oxide thickness [18]. There-

fore. while most power MOSFET circuits can tolerate large shifts in threshold volt-

age. the thicker gate oxides necessary for power NIOSFETs result in a significantly

more rapid failure from threshold shift thail for many ordinary NIOSFETs with very

thin gate oxides [29]. However. as noted earlier. CMFET-type devices may still h(

desirable for use in radiation environments because of the benefits that they can

provide which are not related to radiation response.

Thus, it is important to be able to apply results concerning the radiation

response of the current ratio to CMFET use in other applications. This is a very

straightforward problem since the requirement for current-ratio stability is the sam"e

as for the hardening concept above. Although the required accuracy will be depen-

dent on the application, it is important to know what the limitations of such de'vice.

are with respect to radiation exposure.

The next situation of intc'rest is that of increasing on-resistance from it neu-

tron fluence. Examination of the situation reveals it to be directly analogous to

a changing n' from thermal excursions. Therefore. it is useful to use the samei

on-resistance model that was used in that case (Figure 5). Once again both oi-

resistances should change by the same factor since the conditions )ertinent to

neutron disllacenent dainage. such as resistivity, teni)eratiir,. and injection levcl

should be very nearly identical throughout the entire CNIFET. For most types of

resistors, the resistance will not change in the same manner as the on-resistances, so

the ratio W must change. Usiug tlie oil-resistance model all(ows a simple calculat i n

of the possible ma gnit ule of chaiiges III W.



37

The model [11] shows that ' inay be found simply to be(

, rd1 n(on) + RSensen = (13)
rds(o,

Since, as stated earlier, Rsense is normally 107 to 1007 of drn,(on), for a large

increase in on-resistances n' becomes approximately

, rdnm(oni (14
rds(on )

if R.. remains constant. However. rdyn(on) Sod,(o,). so 1' approaches 71 for

large increases in on-resistance. Therefore the larger the initial current ratios, the

larger the possible change in the ratio from neutron bombardment. Since the initial

n' is larger for larger sense resistor values, once again there is a motivation for

making Rs,,,,, as small as is tolerable. The results from using the simple technique

outlined above are shown in Table 3. Clearly. such shifts in the current ratio are

not tolerable, vet there may be a way around this problem in some situations.

The on-resistance model shows that if s. , were to change at the same

rate as the on-resistances in the CMFET. then the c- -ent ratio would remain

constant. In order to accomplish this. the materials and conditions found iii the

CMFET must be matched as closely as possible. An approximate match is found

in a semiconductor resistor of the same resistivity as the n-epi drain region. Unfor-

tunately, a constant n' and an increasing Rs,,,, also means an increase in 'T,.,

at any given load current. However, for a large enough initial RS,. increasing

this resistance has little effect on Vs,, as shown in Figure 12. Thus, the user is

faced with a trade-off between accuracy in a high-neutron fluence environment and

accuracy in linearity and thermal excursions. Nevertheless. it is quite possible that

situations may exist in which changes from neutron effects are the most important

consideration.

It is useful now to conisid,,r how this compares to using an ordinary t,)wer

NIOSFET and a series power resistor for current sensing. In such a situation.

the sensing voltage wvould not lose any accuracy from a neutr(o fluence unless
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Table 3: The dependence of current ratio shift
on sense resistance in a neutron environment

RSense (n) Ln'max

131.8 -35.5

70 -23.1
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dlisp~laeent (laiage inl the wire wiiiii )f t La resistor ) 'Na> ciIwigli to) lilrcaa,- its

resistanice .vwhich is uiilikcly.

Next. r ra-lisieiit radiatioln e~m o n t li CAIFET will bc a(Ili-sse(l As fitr as~

hardening agairnt S EL effecs is co)Iiceled il) adlvait ap- is to be vxeXJecwl froii.

the use of a ('MEET. If the C'NIFET act ili lnonitorel l( )ad current rather( thanl

simplly mirroring it. hardening might I ~e possible. Sinetc thlis is not thecaea

heavy ion Could actual disrupt a significatprino th (a secill"tt a
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SECTION 2.2: ANALYSIS OF RESPONSE TO TOTAL-DOSE

EXPOSURE DURING LINEAR OPERATION

At this point, the results that would be expected for total dose exposur

based on the qualitative behavior of the first-order MOSFET rnodel will be dis-

cussed. Since the effects of asymmetric shifting of the threshold voltages have

already been discussed in the previous section they will not be repeated here.

The linear region of operation will be examined first. Since any changes in W

would have to be a consequence of the differences in the form of the current-voltagc

res)onses of the load and sense sections,. as they are used in a circuit. this respoiist.

gives insight as to how Wi' should change with exposure to ionizing radiation.

It has already been noted that tle presence of a noii-zero sense voltage' will

degrade tlie linearitv of u' . and it is precis(,ly this degradati cn which should explaili

any shifts in n' due to threshold voltage shifts. More specifically, if the load and

sense sections of the device respond differently to changes in voltagpes applie ( to th,

circuit, it is quite reasonable to expect that u' will shift if these voltages chan(.p.

The question. then. is what should 1e tlo niagniitoUde aild d(ir'ction of the shifts

The direction of shift. is shown simply by examining tl relative differences

in behavior of the load and se'nse sections. III the linear region of operation. the.

presence of a sense resistor gives the ID versus V DS plot for the sense section a dif-

ferent shape from that of the same plot for the load section. (The actual experiment

will be anticipatedl here by assuming that there is non-negligible parasitic resistance

in the source lead of the load section.) If the sense and parasitic voltages are equal.

then the plot for the sense section will simIply b e the plot for the hoad section scaled

down by the factor r. meaning that the current ratio will be invariant with respect

to l7 )s. However. this is a trivial case. If tle sense voltage is greater thai tlie

parasitic voltages in tle load leads, the pht will be more linear than that for the

load section over the same range of VNS. In other words, line sense current i, no

longer aii exactl scale l 'versioll ,,f the lh )1 c ireiit. If the, scise voltage is siiiallcr.

tle plot for tle selnse sectio will he less lincar than tle plot for the load secti)ii

Therefor. iin th cas' of se'nse v(itage, 1wing greater, if 17.- is decreased.

th' 1;,toa ,(.clent will 1ecreas more lowly thai the senise c urret times time ori'_i'-;1l
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?' and ' w"ill Increase. For the case. of parasitic voltage being the greater of tle

two, if 1 DS1 is decreased, the load current will ( ecrease iore quickly than the sense

current times the initial ,'. so ' will decrease.

To relate this to radiation effects, the qualitative changes in the plot of I)

versus VDSI must be considered when threshold voltage shifts negatively and I';sI

is held constant. If VDS1 is also held constant or decreased (for a constant load

%-aifcit ). the 3cprathilg point for both the sense and load sections changes such that

it is at a smaller VD ". relative to that needed( for saturation. than it was priIr

to irradiation. Qualitatively. then. this i.- very similar to merely decreasing l'n'.

Therefore. it is to be expected that undeir the testing coniditions. if eflects oi KA,

and K1, are ignored. there will be a d,,wiward shift of ' if Vs ,,,, is less thiami the

parasitic voltage and upward if V ,, is the greater of the two.

While the noi-idealities of real devices mnake a precise quantitative ailysis

unwieldy, it is possible to make a few oh servations atlboit the relative magll t udt

of any expected shifts. When I;. I - I 'I > 1 us) 1 the oIperating points are alrealy

far from the saturation point and reducing the threshold vltage does not chiaig

this relative position much. It is expected. thien. that very small shifts in W would

take place for this condition, even for large sense voltages. In addition, as was-

noted earlier. non-linearity in ' is imiinized for small sense voltages. Therefore.

the largest changes should he for large sense voltages and an initial operating point

near saturation, aid the smallest changes sholid be for small sense voltages aid
starting with 'c,;I - 1  >> I)Si

SECTION 2.3: ANALYSIS OF RESPONSE TO TOTAL-DOSE

EXPOSURE DURING SATURATION OPERATION

The other operating condition of interest is that of deep saturation, that is.

I}s V - .< I / . Analysis of t lis sit nation is much simpler since there is almaost

110 dependence oil 1)5l The current iII each section is dependent simply uipi

the s(qimre of the gate voltiage, minus thc quiantity of the thmeslold voltage plhi' the

sense or paras itic voltaige. as applica ble. T ierefre. unless the parasitic and sense
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voltages are always equal. n' must change as threshold voltage shifts, especially

when those voltages are. themselves. depen(lent oil the currents which are functioMs

of the threshold voltage (for non-constant current situations).

It is easily shown that if I s,.,is consistently larger than the parasitic

voltage and the difference between theim does not decrease, ' must increase. since

the load current rises more rapidly. Conversely, if I'en, is smaller and does not

become larger than the parasitic voltage, then n' must decrease since the sense

current would then be the one increasing more rapidly.

It should be expected that shifts in W' will be larger for operation iII satii-

ration than for linear operation since there is a squared dependence on the terns

affecting the shift rather than a linear one. Again the shifts should be inimized

for sense voltages which (1o not differ imuch from the parasitic voltages (or for imall

sense voltages if parasitics are not present). Because of the high currents associated

with saturation operation of power MOSFETs. only relatively low gate bias(.s art,

normally used, so the dependence of shifi s in n' on this voltage will not be discussed.

The descriptions of DMOS devices. CNMFET operation, and basic radiatiom:

effects allow one to examine the effects of radiation environments on CNIFETs.

A first-order examination indicates that significant radiation hardening may be

achieved through judicious circuit application of the CNIFET. The possibility of

very small changes in the current ratio ', especially for linear operation, is also

predicted. Yet, while all this looks quite promising, it is only by experilent al

verification through exposure to radiation environments that firm conclusions ,naV

be reached. It is shown in this work that such experiments confirm the first-ordi

predticti(s.
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CHAPTER 3: SETUP AND EXPERIMENTAL PROCEDURE

The analysis of Chapter 2 was verified through experimentation. The focus

of the experiments was not on the PWM circuit shown in Figure 11, but on the

d.c. circuit of Figure 13. The latter circuit was judged to be more likely to yield

information on the basic radiation response of the CMFET itself in a clear fashion

because of the absence of control circuitry. Additionally, only total ionizing dose

testing and limited -l testing proved to be practical for the scope of this work.

Although it would be preferable to use an equivalent circuit SPICE simu-

lation for second-order predictions before proceeding with an experiment, such a

simulation was not possible for the CMFET. SPICE simulation was not possible

because of the unavailability of many of the important parameters necessary for a

level 2 simulation. Therefore, it was necessary to begin experimentation without

the benefit of further simulation.

Tile circuit in Figure 13 shows the actual circuit used and the external con-

nections that were employed. During irradiation, the circuit was operated with the

relays closed. Biasing was provided by a BK 1630 power supply supplying a gate

biasing voltage and by a Hewlett-Packard 6023A autoranging power supply for the

drain to source biasing voltage. Sense voltage was read using a Fluke 77 digital

multi-meter (DMM) connected to the mirror terminal. The load current. IL, was

measured using the current-monitor terminals of the 6023A read by another Fluke

DMM. To allow easy interchange of the CMFET devices, the CMFET was placed in

a socket after bending the device pins into the proper configuration. For the sense

resistor, a 1 kQ, ten-turn potentiometer was used. The parasitic resistances shown

are the result of the long (approximately 20 ft.) lines necessary for remotely biasing

the circuit while in place in the Co 6 j irradiation facility. (All lines longer thani a

few inches were coaxial cable with shielding grounded at both ends.) Because of

the parasitics and the voltage drops associated with them, separate grounds were

us(l for the load and sense curr,,nts.

It should be noted that because of the heat dissipation large enough to

damage the CNIFET (junction temperature > 150 Celcius), it was necessary to
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mount the package on an anodized aluminum heat sink and use a fan to remove

the heat. Even after taking these precautions, it was not possible to operate the

device in a steady state at currents greater that 3.5 A without risking damage to

the device from overheating.

Following each irradiation, threshold voltages and IDS versus VDS measure-

ments were made using a Hewlett Packard 4145B semiconductor parameter ana-

lyzer. For these measurements, the relays were opened. The sense and load por-

tions of each device were tested separately , using the appropriate terminals and the

stimulus and measurement unit (SMU) connections shown in Figure 13. Because

of the large currents typical of the load portion of CMFETs, the 4145B alone was

not sufficient. It was, therefore, necessary to remotely operate the 6023A supply

through its voltage program and current monitor terminals. Operating in this mode,

the supply will output a voltage four times larger than the input program voltage

and will show a current monitor voltage with one-sixth the magnitude of the out-

put current. Voltage programming and current monitoring were accomplished via

SNIU1 and SNIU3, respectively, of the parameter analyzer. This method was found

to provide accurate results through comparison to direct biasing and measurement.

To measure the threshold voltages, the square-root of the drain current was

plotted against the gate-to-source voltage with a sufficiently high (e.g. 10 V) drain-

to-source voltage to assure operation in the saturation region. The two points

nearest, the point of maximum slope were then used to perform a straight-line ex-

trapolation to the x-axis intercept to yield a threshold voltage. [It was important

when measuring the threshold voltages for the load section to include the voltage

drop due to the parasitic resistance of the source line (0.275 Q).] From the same

plot, the constants KL and Ks were extracted by simply squaring the slope of the

same extrapolation line. Sample parameter analyzer programs are shown in the

Appendix.

Two current-ratio measurements were made for each set of measurements.

The first was the' measurement of n'. This was accoml)lished in a very straightfor-

ward manner. The load current was divided by the sense current found from the
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measured values of Rscn,, and I's ,.... Finding the intrinsic current ratio of the

device, n, was not so simple.

Although the manufacturer measures the intrinsic ratio under a specific set of

biases regardless of how the device is actually used, this was judged to have limited

merit for typical applications. A more meaningful measurement uses the load and

sense currents which result when biasing is at the same levels as during operation,

but with the mirror terminal returned to ground directly rather than through a

sense resistor. The intrinsic ratio which was measured was only about half that

which was published by the manufacturer, even when measured in the sane way,

because the large parasitic voltage drops reduced the resulting load current.

While it is felt that the measurement methods used were sufficientlv accu-

rate, it is wise to include an estimate of the errors inherent to the measurenonts.

Comparison testing showed threshold voltage measurements were in error by a max-

imum of ±0.03 V from noise 4nd ground level fluctuations. The corresponding errors

in KL and A' were found to be about ±27c, for the same reasons. Sense voltage

measurements were found to vary less than 8 mV from the actual values at the

sense section source due to parasitic drops and ground potential fluctuations. The

load current measureient accuracy was within 10 mA, giving a current ratio mea-

surement accurate to within about 1.5% of the actual value. Although these error

estimates are not the result of exhaustive analysis, they represent the proper order

of magnitude necessary to justify confidence in the measurements used for analysis.

The test circuit was irradiated in the Co 60 gamma ray irradiation facility

operated by the Department of Nuclear and Energy Engineering at the University

of Arizona. The die were perpendicular to the gamma beam. This facility contains

a Co6 0 source with an activity of about 200 Curies mounted to provide a beam of

gamma radiation in a cavity with the approximate dimensions 12 x 14 x 36 inches.

The (lose rate used was approximately 166 rad(Si)/s arid was calculated from a for-

mula based on the inverse-square relationship between dose rate and distance from

the source, which has been calibrated through measurements performed through

the National Bureau of Standards. Measurements were taken at intervals such that

the shift in threshold voltage was relatively small between measurements (less than
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0.25 V), and they were taken while the circuit was shielded from the radiation

source.

By the methods outlined above, shifts in n' were tabulated as a function of

threshold voltage shift as well as a function of total ionizing dose. This procedure

was performed twice for most distinct sets of circuit conditions and once for some

of the saturation cases since there was a limited supply of test devices and these

cases were deemed least important. Circuit conditions were varied by providing

different values of sense resistance and by changing initial biasing voltages to set

the region of operation (i.e., linear or saturated). In terms of relative values of sense

resistance, 20 Q was judged to be a representative low value, 100 Q a moderate value.

and 1000 Q a very high value. However, some other values were used in order to

produce sense voltages that differed from the load source potential by a reasonable

margin (about 100 mV) to compensate for the parasitic voltage drop. In some

cases, voltages were held constant throughout the irradiation and the current was

allowed to change. In other cases, load current was held constant with changing

drain-to-source voltage or gate-to-source voltage, as appropriate, to simulate the

current level of a constant-current feedback situation.

After collecting this basic data, the circuit of Figure 14 (similar in concept

to the PWM circuit) was used to demonstrate the principle of adaptive control for

compensation of radiation-induced effects. For this circuit, an operational amplifier

(LF357A) was used to bias the gate of the CMFET. The goal of this circuit is to

adjust the gate drive for a CMFET which is in saturation so that compensation

will be made for shifts in threshold voltage. The output of this op-amp is simply

the difference between the reference voltage, Vf, and the sense voltage, I'Sens.,

multiplied by the closed-loop gain of the op-amp, where V',fis given by a 25 kQ

potentiometer biased by a 1.5 V battery. The closed-loop gain of the op-amp is

approximately F. When the gate isolation resistor, R,,,, is of a sufficiently high

value, the circuit will not oscillate. but instead will simply stay at a stable operating

point determined by R 1 , R2, Vr,-, and Rsen. C1 and C2 are used to filter noise

and have the values of 0.33 p F and 10 pF respectively.
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To tvest this circuit, the CMFET was irradiated under a constant gate bias

and periodically removed and placed in the op-amp circuit to measure changes,

after the threshold voltages were measured in the same manner as before. To

monitor changes in the performance of the op-amp circuit, load current was again

measured using the current monitor voltage of tile 6023A and Vref, V'Senqe, and the

output voltage of the op-amp were measured with a Fluke DMM. This procedure

was followed for different values of closed-loop gain, sense resistance, and reference

voltage.
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CHAPTER 4: RESULTS FROM TOTAL DOSE EXPERIMENTS

The results from the total-dose experiments wer' very encouraging., showing

that CMFETs can be used in total-dose environments under certain conditions.

There were, however, difficulties in interpreting the results which should be consid-

ered before the results themselves are discussed.

The principle difficulties involved in analyzing the response of the devices to

total ionizing radiation dose were parasitics in the circuit and non-idealities in the

device itself. Parasitics were a problem because of the high currents being used.

Such high currents resulted in voltage drops on the drain an(l source lead that

were on the order of one volt. The reason that this was problematic was that the

source potential of the load section was not a constant, as the ideal equations use(l

previously assumed, which drastically altered the current ratio. This effect tended

to obscure the radiation effects on the ratio if the current level in the load section

was allowed to change.

The parasitic effects were dealt with by keeping the load current constant n

changing VDS1 (or V7GSi if operating in saturation). By keeping the load current

constant in this manner, it was possible to better distinguish radiat io effects from

parasitic effects.

The non-idealities mentioned above refer to a departure froni the behavior

predicted by the simple square-law equations used for the first order calculations.

Although such a departure was not unexpected. it nade the analysis of the radiation

effects more complicated. There were two primary non-idealities. The first was

saturation at a higher drain-source voltage than the simple iiodel pr(licts. The'

other effect was lower than expected saturation current. Coniiiined. these two effects

resulted in lower than expected currents in the linear region of operation as well as

a decreased slope in this region. One notable result of these effects is that deviatiu

from predictions is not constant within the linear region. Instead. deviation was

least at low currents and near te onset of saturation and grate'st a plr(xinia tely

midway between these regions. Figure 15 shows a represeit at ive 'example.
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These non-idealities can be explained by inadequacies of the silchl( model

The effect of the late onset of saturation is easily explained by noting that a more

complex model which accounts for ionic charge variation along the channel predicts

such behavior[14]. The lower saturation current is a result of the combination of

ionic charge variation and the reduced carrier mobility brought about by the heating

of the die from power dissipation which becomes significant at the higher currents

typical of saturation in a power MOSFET.

The net effect of these non-idealities was that the radiation response can

not be qualtitatively explained in a simple fashion using any tractablh current-

voltage equations. Therefore, although the devices did qualitahirjly obey the formn

of the simple equations, explanation of the response must be the result of more

careful examination than would be the case if the devices were to followv the simIple

equation.s more closely.

SECTION 4.1: OPERATION IN THE LINEAR REGION

The results which are of greatest interest are those pertaining to the linear

region of operation, because this is the operating mode in which ('IFETs are

most likely to be used. As a consequence, testing efforts were concentrateod on th;s

topic. The resulting data fits the theory quite well, even wx'ith the inclusion of sofie

unexpected effects.

The first notable result was the absence of any significant asvnimetrv in

the shifts of threshold voltage under any but the most extreme conditions. A

representative plot of threshold voltage shift versus totai dose is shown in Figure 16.

Using a margin of error of ±0.05 V for the threshold voltages. the amount of shift

was equal for both the load and sense cells, even for the largest sense resi,,tance

value (1 kQ). This means that the sense resistance need not be kept small to avoid

such asymmnetry. although it may Ibe desirable to do so for other reasons.

The lack of avminniwtry is not at all unreasonable when one coIsi&','s the

p~roblen. The magnitude of the electric field in the gate oxide only affects threshold

shift in a strong manner over a limited range [12]. At higher niagnitides of (hlctric
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field, the reduction in initial recombination is not affected nmch by eveni higher fields

since little recombination is taking place. If this is translated to gate biasing. at a

high enough gate bias, a much higher bias is necessary to noticably affect the rate

of threshold shift. Add to this the fact that at a high bias level. such as 10 V. even

such a high voltage difference as 500 mV means only a difference of 5 between the

field in the load gate oxides and the sense gate oxides and it seemns quite reasonable

that differences in the rate of shifting between these sections would not be noticable.

Another, more unexpected, result was a slight, but noticable asymmetry in

the degradation of KL and Ks. Vhile in a few isolated cases the asyninetrv was

greater than 10/, for almost all cases the asymmetry was within a few percent. Be-

cause no pattern could be established that would allow prediction of the inagnitude

or direction of this asymmetry, it is believed that this phenoninon is attriItable

to a combination of measurement error and statistical fluctuations.

The effects on the current ratio. ', were as expected from the first-order

analysis under the condition of equally shifting thresholds. When the sense voltage

was greater than the parasitic voltage at the load source. ' shifted positively. Whein

the sense voltage was less than the load source potential. n' shifted negatively.

Although the qualitative behavior was as expected, the magnitudes of the

observed shifts in n' were very encouraging. The best and worst cases are shown

in Figure 17. The worst case situation was when the load section was started near

the edge of saturation and, with a sense resistance such that a large sense voltage

was produced. In such a case, positive shifts in ' of up to 7X were observed for

a threshold shift of over 2 V (at 49 krad(Si) total dose). As expected. the best

case was for VIDS < 1'Sl - V1T and a small difference between the sense voltage

and the parasitic voltage. For the best case, no shifts larger than the margin

of error were observed for threshold shifts of almost 2.5 V (at 40 krad(Si) total

dose). Equally significant was the result that for small effective sense voltages (the

difference between the voltage across the sense resistor and parasitic source lead

volt;age drop) there were similarly small shifts in ' for any lini'a, regi(on operating

conditions. Because the best case conditions are identically those which arec most

likely to be used, the results show that the current sensing fuunct ion of CMFET-typc
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power devices would not be altered in a significant manner by exposure to ionizing

radiation at a low dose rate.

SECTION 4.2: OPERATION IN THE DEEP SATURATION REGION

For an initial operating point deep into saturation, the effects on the current

ratio n' were very much as expected. There were relatively large positive shifts

for the worst case of large effective sense voltage; but, for cases with symmetric

threshold shifts, even the worst was less than 7% for nearly two volts of thresh-

old shift (40 krad(Si)) at constant current and less than 10'7 for constant applied

voltages after nearly one volt of threshold shift (26.5 krad(Si)). Figure IS shows

some representative data. For negative effective sense voltages, negative shifts were

within a few percent of the initial values. In fact, for the small valu.es of sense resis-

tance and constant applied voltages such that sense voltage is initially lower than

the parasitic voltage and the parasitic voltage increases more rapiidly with shifts in

threshold, the shifting of n' follows an interesting pattern. In such cases. ' initially

shifts negatively and then begins to shift positively, surpassing its initial value for

a net positive shift. Such a pattern is completely consistent with the theory used

in the earlier analysis when thermal effects are also considered, as will be shown.

At the high currents (and drain-source voltages) when the device is in sat-

uration, there is significant heating of the die. This heating causes the channel

mobility to lower significantly, lowering the current at the operating point. This

lower current also means a higher gate-source voltage because of the lower voltage

drops. In terms of the first-order equations, the squared voltage term in the load

current equation increases more rapidly than that of the sense current equation.

due to the more rapidly decreasing parasitic voltage for given, proportional drops

in the two currents. In other words, these equations show that the effect of a rise in

temperature is an increase in n'. Thus, there are two competing effects. At lower

currents, n' shifts steadily downward as threshold shifts, but as heating becomes

significant, the thermal effect on the current ratio counteracts this shift and even-

tually dominates it resulting in a net upward shift in n'. In the case of a large
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sense resistor such that sense voltage is the more rapidly changing voltage, then,

the opposite effect should be observed; a negative thermal shift in Wi' counteracting

the normal positive shift. This is precisely what was observed, and the theory was

further substantiated for the case of constant current (and die temperature) where

no such effect was obherved. At constant current, an equivalent of the thermal effect

was observed.

The analysis above was also verified using SPICE2G.6 circuit modeling. This

was accomplished using the level 1 MOSFET model to simulate the circuit and

by changing the appropriate parameters to represent a rise in die tenipcrature.

First, the circuit was simulated for room-temperature parameter values and u' was

calculated yielding a ratio of the proper order of magnitude. The transcondlictance

parameter KP was then increased by a factor corresponding to die temperature of

seventy degrees Celcius (according to the device data sheet information) and the

circuit simulation was run again with all other parameters the same as for the intial

simulation. The resulting current ratio was found to be higher bv about 7/(. the

proper order of magnitude for correspondence with experimental observation.

With gate-source voltage adjusted to maintain constant current, the degra-

dation of channel mobility from radiation damage had some effect on the current

ratio. Although the magnitude of the effects was smaller, it was qualitatively very

similar to the effect of rising temperature, because the VGsI - VT- term had to in-

crease slightly to maintain a constant current. Although the situation was different

in that the parasitic voltage stayed constant in this case, this served to isolate the

effect of channel mobility on the current ratio for operation in the saturated re-

gion. Since there was no other competing effect, changes in n' at constant current

were monotonic. For small effective sense voltages, Wi' changed by less than 7'7/ for

threshold shifts of 2 V (45 krad(Si)). For large negative effective sense voltages,

n' decreased by less than 4/(, and for large positive effective sense voltages. n'

increased by about 20/(. However, the case of large positive effective sense volt-

ages and constant current was the case which exhibited a notable asyiimetry in

threshold voltage shift and only about 6W7 of the shift in ri' was attrilutable to

effects other than this asymmetry. The similarity in the results from the constant
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current experiments serves to confirm the effect of channel mobility degradation

since, as predicted, the magnitude of this sense voltage had a negligible effect on

the magnitude of the current ratio shift, as far as this effect was concerned.

The results for deep saturation operation can be summarized concisely.

When gate voltage was not adjusted to maintain constant load current, current

ratio shifts were larger than for those of linear operation with the largest (posi-

tive) shifts occurring with large sense resistances and the smallest (positive and

negative, depending on the parasitic voltage) with the lower sense resistance values.

Although at constant current the changes in n' were comparable to those for linear

operation, the magnitude of the shifts was relatively insensitive to the size of the

sense resistance. However, although the observed shifts were often larger than for

linear operation, they were small enough (especially at constant load current) to

still be reasonable for applications which do not require a great deal of )recision.

SECTION 4.3: THE OPERATIONAL AMPLIFIER CIRCUIT

In examining the response of the op-amp circuit to total dose exposoire (see

Chapter 3). it is worthwhile to note the difference in figures of merit for this exper-

iment, as opposed to those previously described. Although the current ratio is still

important, the importance is now secondary in that it is not the end result, but

only a means for achieving that result. The real figure of merit for this circuit is the

load current, since the circuit is intended to provide a constant load current that

would not be possible without the feedback made practical by the near-constant

current ratio of the CMFET. Although it is impossible for load current to remain

exactly constant in such a circuit, it was shown that it can be held very close to

constant under the proper conditions.

The reason a constant current is impossible is the consequence of a basic

property of the op-amp itself. The output of the op-amp is simply the input voltage

(the difference between IVf and 1 s,,( ) multiplied by a constant gain factor. In

order to keep a constant current as the threshold voltage drops in respomse to total

radiation dose, the out)ut of the op-amlp must drop by the same amnount as the
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threshold voltage. However, for this to happen, the input voltage must drop by

that same amount divided by the closed-loop op-amp gain. The only way this can

happen is for VSe,,e to rise, corresponding to a higher load current.

The amount of shift in load current is a function of the total loop gain. The

total loop gain increases as R~ense increases and also as the closed-loop op-amp

gain is increased. In other words, higher total loop gain means that it takes a

smaller change in sense current (therefore load current as well) to produce the same

change in output voltage. The shift in load current is thus reduced as total loop

gain increases. Therefore, one chooses high sense resistances and as high as possible

a closed-loop gain, short of causing circuit oscillation, in order to minimize the shift

from this effect.

A representative choice for this condition (Rs,,, = 500 Q and AC, = 100,

where ACL is the closed-loop gain) yielded load current shifts of less than 6.5'/' for

nearly 2 V of threshold shift (40 krad(Si)) attributable mostly to the phenomenon

noted above and partially to the small current ratio shift known to occur for this

operating condition. On the other hand, for a worst case situation (Rs,,,, = 50 Q

and ACL = 10), current shift was nearly 60X at the same point. Nonetheless. in

almost all cases, the current shift was nearly two orders of magnitude smaller than

that which would have taken place for the same threshold shift using constant bi-

asing voltages. (Sample results are shown in Figure 19.) Even though this circuit

itself has limited applications, it demonstrates, in principle, both that it is possi-

ble to use the current ratio to compensate for total ionizing radiation dose effects

and that CMFET-type devices can be used in such an environment without thir

current -mirroring function being significantly affected.
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CHAPTER 5: DISCUSSION OF APPLICATIONS

The d.c. biased experiments showed that for many useful operating condi-

tions, current ratio shift was either negligible or still managably small, even after

substantial threshold voltage shift (greater than 2.5 V in some cases). Furthernlor..

the most useful condition (strongly linear) was the one with the lowest shifts,. while

the next best was strong saturation. It was also shown that the lowest shifts for

a given operating condition occur for the lowest values of effective sense resistancc

(or ordinary sense resistance if parasitic voltage drops are negligible). \Vith th-c

favorable results in mind, it is instructive to briefly consider a few potential ;ippli-

cations for CMFET-type devices as a part of PICs and what effect the above resii]:

have on determining their suitability for use in radiation environient s.

When integrating power and control functions, a wide variety of device.- f i

use on the same die are available. A fabrication process has been developed hy

AT&T Bell laboratories which provides dielectrically isolated devices which ranue

froim a lateral DM0S power transistor to normal NIOSFETs and includes othwi

devices such as npn or pip l)bi)olar transistors and photodiodes [3]. Using such ;I

process, it is possible to create a CNIFET and its control circuitry on tim sali' (1ic

without worrying about parasitic leakage currents between devices. Switch-inod(

power supplies, motor controls, and 4 detection and protection (a very inllportalt

topic in radiation hardening of power MOS devices) are aniong the integriito(lI

applications made possible by such a process.

SECTION 5.1: SWITCH-MODE POWER SUPPLIES

One of the most common uses of power MOSFETs is in switch-mode power

supplies (SNIPS). A basic SNIPS is very similar, in principle, to the P\\NI circuit of

Figure 11. The main difference is that the drain current is coupled to a second circuit

through a transformer. The second circuit consists of a resistance, capacitance.

and inductance network for smoothing the output current or voltage. The PVNl

circuit is set up so that biasing. on the MOSFET gives linear rcgili Olrati l

I'.l - 1 7 > IVOS ). Since the vI')ltage comiparat or is lised in a digital fa1,hin,,



(rat her t hani the linear amiplificat ion of the 01)-mll) ) thle circuit is never st al 

Inlste~adI the duty cycle of thle gate P ia i conistanly adIjustedl by thli feedlbackt(

give a constant average current. The advantage of using a CMIFET jnlstead(lf of

normal MOSFET lies inl the power efficiency arid the nonl-(isrujptive natulre of its-

current-sensing function and( the opp)ort unity it gives for elimiinating anl exIpeiisivc.

bulky power resistor.

The experiments perform-led shiow that,. in such an application. any shift inl

the current ratio is negligibly smiall andl shlouldl not be a concern for thledsinr

particularly if a small sense resistanice call be used. Inl other wvordls. thle circuit

desigrner may take advanltage? of the unique prop~erties of a CNIFET to lincrease tlihe

efficiency of the circuit withlout dlegrading thle p~erformiance in a tot al-dose radt(lIt

environment with respect to the samne circuit us1ing( a conventional powerT NOSTET

andl series power resistor. These resuilts are generally applicable to all CMNFET>

whlich are designed as dlescrib~ed inl Sect ion 1.3. since the total (lose response -~

Shown to lbe a first ordler circuit effect rat her than an effect wich is depeiiii o:

the details of thle processing, and~ lav )it uelto fabricate such a CNIFET.

Thlis iliteorat ion mlay be takeni a step fiirtlher. Becausec the niaj( rraia -

induced problem for SNJPSs occurs- whli thlreshiold volt age becomnes less t han thli

low-st ate gate, voltage, lowering the low-st ate volt age would extend the tot;al-dose.,

lifetime of the circuit. If the desiner call integrate a charge -piinipiig circuitI(

lower the low-state gate volt age fromi its original value to a lower value before It li>

actually, passed to thle CNIFET gate. onl thle sanec die, there could be a phil-f )r-pl

replacement of an ordinary, off-the-shielf CNIFET which extends the circulit's life

time withlout changing thle ext eriial circitry at all [4]. Fumrthiermiore, if a radlia t i i

hardening process is usedl for the CNIFET to slow the rate of threshold shift. thli

circuit lifetimne may lbe extenided even furt her ( althbough positive thlreshiold shilft

i'el to be conlsi dered silice Sill)errecovery teIldls to be a prolem for (levice, imad(-

withl such a process [2] ). Even if 'iich i an implement at ion should prove to be ci r

tic;1l. it is impormtanlt to rco.)(Ilnm/ the( eiihian11Ced cap~abilities- aild(l fhiemICvl avalila



SECTION 5.2: LINEAR MOTOR CONTROL

Another application example is to use the op-amp circuit of Figure 14 a>

a variable current source for a linear motor drive by using a variable referenc,

voltage. This constant current drives a motor and adjusts itself for chanifvcs iII

motor load aid changes in threshold voltage. Again. the use of a CMFET giwe,

greater efficiency and lower cost, and the experiments have shown that such a control

a)plication would stiffer only small changes in accuracy in a total-dose ra(liati(,JU

environment, provided that the op-amnI itself does not use NIOSFETs. Therefore.

in both examples, the CMFET offers cost, power, and space savings withoit a

significant reduction in performance ii such an environment.

SECTION 5.3: A DOSE-RATE

DETECTION/PROTECTION CIRCUIT

The final, and most significant, application example is that of a C'NIFET

used as an integral detector/protector. The key mechanisni for upset by ill

DMOS devices is second breakdown triggered by the avalanching of photoge'n(,rate(d

carriers in a strongly reverse-biased DMOS device [301. The voltage in(uced bv

the avalanche carriers moving through tl e p body diffusion can turn on the basew (,f

the parasitic bipolar transistor that is characteristic of DMOS devices, illustratcd in

Figure 1. Once the transistor is on. it can go quickly into second breakdown causio

danag(, or destruction of the device if allowed to continue, umniitigated [30 . To

protect the device, the drain-source (collector-emitter for the parasitic) bias must

be short circuited or the gates must be turned on to dissipate the poxwcr throu-hout

the entire d(evice. since the c)ndition is only dangerous when only a few of the most

sensitive cells are upset. and all tlie power is dissipated in therii alone. The conii ioll

met1(d use(d to guard against such occurien(ces is to derate the' amount of rcver,('

voltage is allowed to block to about 30--40(/, of the rated value. This requires t1if,

use of more expensive, less efficient highr- volt age parts.

If the sense cells can be miIade m ,re scnsitive to upset than the load cell,. tlii'

sene,, volt ag, call )e used to triEge'r li)set ir)tection. Such a functi(on is (lesiral!
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lWcauhse a (let etm owhich has the sanie chiaract erist ics ats thle dlevice lxeinig p t(

p~rovidles the greatest MelANliv There are several possible -way" to 1oi)05 11 v ikc

the sense cells more senisit ive to which iiivolve changinig thle li-ase resistaiic 4f

tle lparasit ic b~ipolar transist or. The higher this, resist ance ( assuminig no( chia ii'' ii,

minority carrier lifetimes), the greater thle susceptiility to 2', uplset [301. Ailil )ilg, thci

simiplest ways to acheve a higher base resistance is IyV simpil)y changing tAe size (o

lie cells "() t hat b~ase area of the sense'- cells is great er: t his Nwuld require at c1Lz

in thle appropriate masks. Alt iugli thlis would change current ratio cliaractc(ri 'tic

a ccuiracyv is not a primary (n)isidleralt iol fo H slcli an app~ lication litildl. iil a ny Cra('

it is trivial to use a few niore, cell, forll 111)r.( accurate I senisinig InieMS . sy A Ve 1

the '' protectionl funlctions ale iIItegrt'il -('d uch that no( additional externial pin> i

nieede1d.

As anl example of such pr~ t ct il . the sense volt age cod uhi niri on a I Ip I W

device wxith thle collect or connected toI thle CO MET draiii and wit l a groin (IQd

emit ter which w'oulld short -circ'uit thle dra il-sm irce hias, w.hen oii. A simple r('sisr i -

capLacitoI r c(niililla t ionl Cold be used to t urn o(ff' lie bilar t ransist or if t Ia PRC

malif c(Hilst ant wereIHie thlm thle g.enlera ed carrier lifetinie. or thle designer cwHlld

Siniply ulsc the dIroppinig selisI' voltage to) tin of thle base of thle bipolar dcvicc.

Experiments show t hat when such a circit is giveii a large, enugh j' M ( (a1151

damage. the (Iraiui-soirce bias is indeed shiovredh (1 icklv enough and for lOng enoW

to preven'it li-eak(Imvii andl sulbsequent damiage . The c'ircuit uisedll nthle ex rimuelit

is shiowni iii Figure 20. Q 1 actedh as thle load device and (Q4 as thle sense eleiniici

both were rated as 500 N' parts (JRF420 . (Q2 anid (Q3 ( M.JE16004 ) were used as -h

clamping device and thle iAphict or represents thle h la(I. Ani elect romi linear acccl( 'a I I

MLN AC) wvas used to simulate -,( Little N1(1laiil LINAC. Ogden. UT). N1l . M 2.

aiid N13 were volt age momit ors and C'T-2 wvas at cuirrenit probe11. To measure tIc

actunal dose-rate, a PEIN diode was lilouxit &dii frn Hi4o thle te(st circuit.

Figure 21 shows the relevant results of thle testing for at 1 lis pulse at 1.7x

10l' radl/s. Figure 21 a shows- t ha t sla rt lv a ft r thle pulse, thle dra inl- ourevhia

waS mox0iiemitarily clamped andl then rccmvered q juickly. Figure-s 211) and 21 c shi lv il 1
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senlse volt age and1 base volt age of Q2. resp('ct ively. illust rat ing how the pliotoo-1ii irelit

triggers the dlamp)ing act ion. Figure 21(1 shows the rap~id rise ini inductor curry

which is necessary for the 400 V to be dropp1 ed across the inductor duringp thli

clamiping. None of the parts were iaiuagec(lduring the test.

Figure 22 shows the results,- for- the samle pulse given to Q 1 withoult tlh,

protection circuit. Figure 22a shows the drain-source volt age collap~sinig froixi111)

tocurrexit flow wit hout recovery, because transient lburiout resultedl from thle oxi, i T

of second breakdown. Figure 221b shows, thle inictor current ats it rapidIly ran away.

.-i gx a llixug second t reak-dowx ini thle t raxisist r.

The net result. then. Is that withI t hi' 5C115( elemnixt usedl In a~ (etec

t ion/protect ion circuit, the elit ire (lv iwas Protect ed from t ralsixilt burt)i it.

WVithbout the protection, th le vice builicd ouw. This shows that . if such a prwct c -

t ionl circuit is ulsed. the ileecl for volt ai.e dera rixig fo)r considerat lols is eff'et i v l

elininated. This provides. at solution to a radhiat ion hardening p~roblemn of iluaj(

proiportiorns In a cost -eff-ct Iiv annerIl and has the( possibili ty vof ahhowin (, iluipli 1'mi'a-

tat i( n wit hoiit external circuit rv mxodificat ions thlroughi fabrica t im on(f thle ('lt ire(

circiit as at PIC'. Such aii approach allows enh aniced performni~ice. StT'('aihixuelC, (1l

sign. and reduced cost.
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CHAPTER 6: CONCLUSIONS

Radiation tests were conducted on current-mirror MOSFETs. which allow

a nearly lossless sensing of load current (defined by a current-ratio ri') and are ai

important element of many PICs. Total-dose radiation testing was perfornied under

d.c. biasing conditions for three different operating conditions and for operation in

an op-amp test circuit designed to provide a constant load current.
Strongly linear operation was found to be the best operating condition with

respect to the constancy of W'. with strong saturation being the second best in m(,st

cases. Deep saturation was found to have the greatest poteItial for i)rol)l(Cl> wit h

n' shifting. dep)ending on circuit condition,. For the best cases. no cliaii, ii I,,

was seen. while a change of 20VX was the worst observed case. Ili all cases, shifr

ill of were largest when the sense resistance was large and iniinal when lie se ',11

voltage was approximately equal to the p)Uasitic voltage (equivalent to a verv siiii.

sense resistance if parasitics are negligil he). The op-amIp circuit showed niniunnl

current shifts of 6.5V for high total loop gain and a maxinum of 60V higher for

low total 1oop gain. both after significant shifts in threshold voltage. The net DsuiT

of this testing is that, in ilmost cases, designerl can take advaintage of th bcl f h it> of

PIC's as far as the performance of the current inirror in a total-dose environment i>

concerned. particularly if sense resistance can be kept small. However, the circuit

designer should also be aware that there are cases where current ratio shifts froin

total-dose exposure iiay be greater thiaii ca1n be tolerated.

Application examples were also examined using these results a(l :, testili,

results. This examination showed the advantages inherent to using PlC's ratliei

than discrete power aild control devices. Pr (posed applications iicll(hed swit l

inode power supplies, linearly variable motor controls. aiid an integrated dosc-La'e

upset detector/protector. The fea sililty of the iiotor control circuit was shoxvil

using an i p- amp feedback-controlled circuit. The feasibility of the dose-rat i ul-

set detector/protector was shown experii entally using a discrete device circuit t(

approximate ati integrated circuit v(,rsaii of the circiut. These applications d uni , -

strated that PICs,. and C'MFET-t"pe devic's ii particular. can provid' at ha.t

the saiie terforiiancf, as discret, devices in (('Ita iii radiation enivroiinleit.- al,1. i1



somec cases. they provide imiproved performxanice and longer radliationl lifetinie. Ti-

was shown to be part icularly true for the (lose-rate upset protection circuit. which

showed, conclusively, that a sense voltage can be used to control a voltage-clailipI1g0

circuit to prevent transient burnout wvithout having to derate the voltage (a sign~if-

icant achievement). For all cases. PIC's 1)erformn these functions while mnaintaiiiii

a design that is mi-ore efficient in volume, cost. and power.
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APPENDIX

CHANNEL DEFINITION

NAME SOURCE

CHAN V I MODE FCTN
SMUI VD ID V CONST
SMU2 VG IG V VARI
SMU3 VIDS IDS I CONST
SMU4
Vs i V ___

vs 2 ----- v
Vm i

Vm 2 - -----_- - - -

USER
FCTN NAME(UNIT)- EXPRE9SION
I ___ (V )- VO-I.65WVIDS

2 V_ (rA)- r (GoVzDS)

W~4w SOURCE SET UP ***xx*

VARI VAR2
NAME VG
SWEEP MODE LINEAR LINEAR
START 2.OOOOV

STOP 6.OOOOV

STEP .0750V
NO. OF STEP 54

COMPLIANCE 100.OmA

CONSTANT SOURCE COMPLIANCE
VO V 2.5000V 1O0.OmA

IDS I .000 A 5.0000V

Load-section threshold voltair tr )mi
for the HP4145B.
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CHANNEL DEFINITION *.4*

NAME SOURCE
CHAN V I MODE FCTN
SMUI VO ID V CONST
SMU2 VG IG V VARI
SMU3 VIDS IS COM CONST
SMU4

Vs i v
Vs 2 V
Vm i ----

Vm 2 -----_--- -

USER
FCTN NAME(LINIT) - EXPRESSION_
i SLOPE (OR) - AID/ (AVG!IOD)

2 II (A)- (10

SOURCE SET UP

VARI VAR2
NAME VG
SWEEP MODE LINEAR LINEAR
START 2.OOOOV
STOP 6.OOOOV
STEP .100V
NO. OF STEP 41
COMPLIANCE 10.OmA

CONSTANT SOURCE COMPLIANCE
VO V 1O.000V 100.OmA

VIDS COM .OOOOV 105.OmA

Sense-section tlreshold volt a I )(0 Ir,1 ii

for the 11P4145B.
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